The electronic and magnetic structures of ScFe 2 and of its dihydride ScFe 2 H 2 are self-consistently calculated within the density functional theory (DFT) using the all electron augmented spherical wave (ASW) method with the local spin density approximation (LSDA) for treating effects of exchange and correlation. The results of the enhancement of the magnetization upon hydrogen insertion are assessed within an analysis of the chemical bonding properties from which we suggest that both hydrogen bond with iron and cell expansion effects play a role in the change of the magnitude of magnetization. In agreement with average experimental findings for both the intermetallic system and its dihydride, the calculated Fermi contact terms H F C of the 57 Fe Mössbauer spectroscopy for hyperfine field, at the two iron sites, exhibit an original inversion for the order of magnitudes upon hydriding.
I. INTRODUCTION
Binary alloys belonging to the Laves family AB 2 (A= rare earth or actinide, B = transition metal) crystallize either in a face centered cubic fcc (C15) lattice or in a hexagonal lattice (C14); further, dihexagonal (C36) minority structure exists.
1,2 Within this family, ScFe 2 exhibits polymorphism and can exist in the three above crystalline states. 2 One of the basic aspects of the electronic properties of the pure AB 2 alloy systems is the identification of the origin of the magnetism which can be either due to the transition metal or induced by the A metal, depending on the chemical nature of the involved species. 3, 4 Among others, 5, 6 Smit and Buschow have studied the synthesis of the ScFe 2 compound 7 reporting experimental measurements for the average magnetic moment of iron and the effective hyperfine field H ef f . On the other hand, the interaction of these intermetallic phases with hydrogen was investigated in a number of works. 7, 8, 9, 10, 11 Besides the large potential applications of Laves phases hydrides in the field of solid state storage of hydrogen for energetics, 12, 13 there is a basic interest in studying the magnetic structure and the electronic properties due to H insertion. At this level of investigation concerning ScFe 2 , 57 Fe Mössbauer spectroscopic works show an increase for the average magnitudes of the magnetization and the hyperfine field for iron upon hydriding without specifically assigning a role for each one of the two iron sites. 7 This leads to suggest an interplay between magnetovolume and chemical effects brought by the cell expansion when hydrogen is inserted. This original feature is addressed in this work. Further, a detailed atom-resolved study of the magnetism is provided and the nature of the non-rigid-band behavior within ScFe 2 and its dihydride are assessed.
II. CRYSTAL STRUCTURES
The ScFe 2 intermetallic system is experimentally stable in the hexagonal C14-type, P 6 3 /mmc space group, Laves structure. 6 For this alloy, Sc atoms are located in 4f sites at (1/3, 2/3, 0.0661). As for Fe atoms, there are two crystallographic nonequivalent sites: numerical values are given in Refs. 14, 15, 16 . Smit and Buschow 7 charged an alloy sample with hydrogen gas, the composition of the formed hydride was found to correspond to ∼ 1.92
atoms of H per formula unit (fu). Furtheron, this hydride will be referred to as ScFe 2 H 2 . A sketch of the structure containing hydrogen is presented in Fig. 1 .
FIG. 1:
The hexagonal crystal structure of ScFe 2 H 2 ('C14' Laves phase, space group P 6 3 /mmc).
Sc (light grey), Fe1 (grey), Fe2 (black) and H (small light grey) are drawn in decreasing sphere sizes.
The choices for hydrogen insertion sites were done based on the neutron diffraction studies Among the self-consistent methods built within the density functional theory (DFT) (see for instance 19, 20, 21 ) we use the augmented spherical wave (ASW) method 23, 24 which is an "all-electrons" method (non frozen core). The ASW method has proven its efficiency in similar topics of intermetallic systems and their hydrides. 25, 26 The analysis of the calculation results allows assigning a role to each atomic constituent in the magnetism and in the chemical bonding. The effects of exchange and correlation were treated within a local spin density approximation (LSDA) scheme. 27 All valence electrons were treated as band states.
In the minimal ASW basis set, 24 we chose the outermost shells to represent the valence states and the matrix elements were constructed using partial waves up to l max. + 1 = 3 structure. Besides obtaining the electronic band structure with site projected density of states (PDOS) for total spins (non spin polarized NSP configuration), as well as the spinresolved PDOS, the calculations allow discussing quantities such as the magnetic moments and their sign, the magnitude of the exchange splitting, as well as the spin densities at the core due to the ns polarization thanks to the d magnetic moment. These lead to the Fermi contact term of the hyperfine field H F C which constitutes the major part of the hyperfine field obtained by 57 Fe Mössbauer spectroscopy.
The calculations are started by assuming a non-magnetic configuration meaning a spin degeneracy for all valence states and equal spin occupations. Such a configuration should not be confused with a paramagnet, which could be simulated either by a supercell calculation with random spin orientations or by calling for disordered local moment approaches based on the coherent potential CPA approximation 34 or the LDA+DMFT scheme. 35 Subsequent spin-polarized calculations with different initial spin populations can lead at self-consistency either to finite or zero local moments within an implicit long-range ferromagnetic order.
B. Chemical bonding properties
The interactions within the alloy lattice with inserted hydrogen can be described in the framework of chemical bonding. Some elaborate tools exist allowing to obtain information about the nature of such interactions between atomic constituents as well as the respective quantum states involved. This can be provided using overlap population S ij (OP) leading to the so-called crystal orbital overlap population (COOP) 29 or alternatively introducing the Hamiltonian based population (H ij ) with the crystal orbital Hamiltonian population (COHP). 30 Both approaches provide a qualitative description of the chemical interactions between two atomic species by assigning a bonding, non-bonding or anti-bonding character.
A slight refinement of the COHP was recently proposed in form of the "covalent bond energy" ECOV which combines both COHP and COOP so as to make the resulting quantity independent of the choice of the zero of potential. 31 Our experience with both COOP 32 and ECOV 33 shows that they give similar general trends although COOP exaggerate the magnitude of anti-bonding states. The ECOV criterion implemented within the ASW method is used here for the description of the chemical bond.
IV. ScFe 2 VERSUS VOLUME EFFECTS
Calculations were performed at the experimental volume of ScFe 2 .
7 In order to evaluate the magnetovolume effects, the computed results for the expanded hydrogen free ScFe 2 at the same lattice constants of the dihydride were addressed. As a matter of fact, such effects can be important in these intermetallic systems in as far as the onset of the magnetic moment is due to interband spin polarization, i.e., it is mediated by the electron gas in a collective electrons approach. This is opposite to other systems, such as insulating oxydes where the magnetization is of intraband character, and hence, less affected by volume changes such as those induced by pressure (negative or positive).
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A. NSP calculations
At self consistent convergence a progressive increase of BZ integration up to the value of 576 k-points, i.e., 16 k-points in each direction of the irreducible wedge of the hexagonal BZ was used. A slight charge transfer of ∼ 0.104 electron is seen from Fe2 towards Sc and Fe1.
However its amount is not significant of an ionic behavior -rarely observed in the framework of ab initio calculations for such systems- 40 . Therefore it can be argued that the bonding is not mainly due to charge transfer but rather imposed by the hybridization between the different valence states. It is also important to mention that for all calculations (NSP as well as SP) the best evaluation of the radii for the different atomic species was assumed resulting in a better ASA overlap. 
Projected density of states PDOS
The PDOS for the ScFe 2 is given in Fig. 2 with respect to occupancy ratios given in section II (twice more Fe than Sc). This is applied for all the other PDOS pannels in this work. The origin of energies along the x axis is taken with respect to the Fermi energy (E F ); this is equally followed in all other plots. Looking firstly at the general shape of the PDOS one can observe that the E F level is situated at the peaks of both Fe1 and Fe2 with a predominance in terms of intensity for Fe2 states, i.e., with respect to very low intensity scandium states. The similar skylines between the partial PDOS pointing to the mixing between Fe2, Fe1 and Sc states can be seen at the lower part of the valence band (VB), with mainly sp like states between −6 and −2.5 eV, as well as towards the top of VB (d states). Such mixing will be analyzed later regarding the chemical bonding. Lastly, within the conduction band (CB), 3d(Sc) states are found dominant. This is expected as scandium is located at the very beginning of the 3d period, with mainly empty d states.
Analysis of the NSP-PDOS within the Stoner theory
In as far as Fe1, Fe2 and Sc 3d states were treated as band states by our calculations, the Stoner theory of band ferromagnetism 21 can be applied to address the spin polarization.
The total energy of the spin system results from the exchange and kinetic energies counted from a non-magnetic state. Formulating the problem at zero temperature, one can express
Here I is the Stoner exchange-correlation integral which is an atomic quantity that can be derived from spin polarized calculations.
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n(E F ) is the PDOS value for a given species at the Fermi Level in the non-magnetic state.
The product In(E F ) from the expression above provides a criterion for the stability of the spin system. The change from a non-magnetic configuration towards spin polarization is favorable when In(E F ) > 1. The system then stabilizes through a gain of energy due to exchange. From Ref. 22 , I(Fe) = 0.4624 eV and the computed n(E F ) values for Fe1 and Fe2 are ∼ 3.047 and 3.286 eV −1 respectively. The Stoner products for Fe1 and Fe2 are then ∼ 1.409 and ∼ 1.519 respectively. This means that the Stoner criterion is satisfied for the two iron sites, within ScFe 2 .
Covalent bond energy ECOV
The analysis of the chemical bonding is done using the ECOV approach presented in section III.B . The corresponding plots are shown in Fig. 3 . 
B. Spin polarized calculations
As it can be expected for the magnetic configuration of ScFe 2 , there is an energy stabilization of ∆E = 0.218 eV per fu with respect to the NSP calculations. This agrees with the experimental ferromagnetic ground state whereby ScFe 2 is considered as the only ferromagnet among C14 stoichiometric transition metals compounds as described in Refs.
6,36,37 .
Magnetic moments
Magnetic moments are obtained from the charge difference between ↑ −spin and ↓ −spin 
Hyperfine field H F C
Another significant result extracted from these calculations is the Fermi contact term of the hyperfine field (H F C ) (see table II ). The effective magnetic field H ef f acting on a nucleus is considered as the sum of four contributions; (i) H i , the internal field which is the magnetic field at the nucleus generated from an externally applied field, (ii) H F C , the Fermi contact term, based on the spin density at the nucleus for the ns quantum states caused by the polarization of the s electrons by the d moments, (iii) H orb , which is the field arising from the orbital magnetic moment and (iv) H dip , representing the dipole interaction with the surrounding atoms. In a non-relativistic description, H F C is expressed by the formula: Other experimental values of the average hyperfine field were observed to be −170 kGauss This is an experimental evidence of the inversion for the order of magnitudes of H ef f in the intermetallic ScFe 2 due to stoichiometric changes. Such small departures from stoichiometry cannot be studied in the scheme of the calculations performed in this work; they require other schematic representations such as with the CPA. 34 The difference between calculated
and experimental values can be related to different origins relevant to (i) the fact that the local spin density approximation cannot treat with sufficient accuracy the polarization of core wave functions, 41 (ii) the non-stoichiometry of the experimetally prepared alloys and the subsequent disorder within the solid solutions. An explanation for this peculiar behavior, i.e. the difference between calculated and measured values, can be found by decomposing H F C into its major contributions namely the one from the core 1s, 2s and 3s electrons H 
Projected density of states PDOS
The PDOS curves for the spin polarized SP configuration of ScFe 2 are shown in Fig. 4(a) .
Within the VB two energy regions can be identified, from −7.5 to −5 eV, low intensity itinerant s, p states of all constituents are found; this is followed by larger intensity peaks mainly due to 3d(Fe) up to and above E F . Exchange splitting can be seen to mainly affect the latter as it is expected from the above analysis of the magnetizations. ↑ −spin states, for both Fe1 and Fe2 at E F , are concentrated in sharp and narrow PDOS peaks, contrary to ↓ −spin states that are found in PDOS minima. This implies a non rigid-band shift which rules the magnetism of this system unlike αFe.
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Magnetism arising in this way is called "covalent magnetism". 43 Such behavior was formerly shown for ZrFe 2 . 44 One also notices that the peaks at ∼ −0.7 eV for ↓ −spin 3d(Sc) states are more intense than those for ↑ −spin states, a magnetic moment is carried by Sc with at ∼ −0.5 eV which is shifted closer to E F and is found more intense with respect to the scandium peak at ∼ −0.7 eV in Fig. 4(b) . This peak is responsible for the increasing of the magnetic moment for Sc (see section IV.B.1) which is related to volume expansion.
Spin resolved chemical bonding
The Sc-Fe1 interactions for ↓ and ↑ −spin states curves are given in Fig. 5 . The plots show that the ↓ −spin bonding is stronger with respect to the ↑ −spin one. This points to spin resolved chemical bonding. A peak at ∼ −0.7 eV is pointing for the Sc-Fe1 ↓ −spin interactions confirming this bond contribution to the magnetic moment carried by scandium.
V. ScFe 2 AND HYDROGEN EFFECTS
For ScFe 2 H 2 , computed at the experimental data given in Ref. 7 , the BZ integration within the self-consistent calculations was carried out up to 1024 k -points. Charge transfer within Considering the core part for Fe1 on the one hand and the total contribution for H F C of Fe2 on the other hand, we can propose that this tendency is preserved upon hydriding.
C. Projected density of states PDOS
A visual inspection of the spin projected PDOS of ScFe 2 H 2 represented in Fig. 6 shows two small energetic intervals ranging from −8 to −5.5 eV and from −11 to −10 eV respectively. The similar skylines between the different atomic species featuring in these two energy regions describe the hybridization of the metallic species with hydrogen. The sharper and narrower nature of these PDOS peaks, compared to those of ScFe 2 [ Fig. 4(a) ] and the expanded ScFe 2 [ Fig. 4(b) ], point to a larger localization of the states in the dihydride system. This is due to hydrogen intake and not to volume expansion. 
D. Chemical bonding
To find an explanation for the magnetic behavior, chemical bonding plots with ECOV criterion (shown in fig. 7 ) for hydrogen interactions with the metal species from which the lattice is built are analyzed. In as far as H F C originates mainly from the spin polarization of valence states via interactions with the magnetic neighbors, the inversion for the order of magnitudes mentioned earlier for H F C is expained by the fact that both hydrogen insertion and shielding (see section V.A) reduce Fe1 interaction with neighbors. Fe1 atoms become further isolated upon hydriding, and tend towards magnetic behaviors of the same kind as in Fe metal. In this so-called weak ferromagnetism the majority spin subband as well as the minority spin subband are partially depleted. 45 This is plotted in Fig. 7 where the Fe1-H interaction is anti-bonding through all the VB. This anti-bonding behavior confirms this reduction in contact between Fe1 and the other atomic species.
VI. ScFe 2 AND ANISOTROPY CHANGES
For the sake of addressing anisotropy effects, an additional expanded hydrogen free ScFe 2 model was calculated with the experimental value of the c/a ratio of the alloy system. 7 The computed magnitudes and signs for the magnetic moments as well as for H F C are reported in table II. An analysis of these results demonstrates that the change of the c/a ratio does not affect the general trends of the magnetic behavior. Moreover, the already observed inversion (upon volume expansion) for the order of magnitudes for both magnetic moments and H F C is conserved. It can be then concluded that the anisotropy changes are of negligible influence on the magnetic behavior of ScFe 2 H 2 , i.e., with respect to both volume expansion and hydrogen insertion effects.
VII. CONCLUSIONS
In this work local spin density functional (LSDF) investigations of the hydrogen insertion effects on the magnetism and bonding within the C14 ScFe 2 laves phase have been undertaken. In order to address these features, we performed ab initio all electrons computations of the electronic band structure and of the bonding properties for ScFe 2 and its dihydride ScFe 2 H 2 as well as for the expanded hydrogen free ScFe 2 system at the dihydride volume.
Contrary to former studies 6,36,37 which described the magnetic behavior of ScFe 2 by means of a rigid-band shift, our results point to a "covalent magnetism" -like behavior. The analysis of the electronic structures and of the chemical bonding properties using the covalent bond energy (ECOV) criterion leads to suggest that the volume expansion increases the magnitudes for both magnetic moments and H 
